Abstract
Introduction

47
and that attending small males are often successfully displaced by larger males prior to a 122 successful mating (Edwards, 1966) .
124
When determining physiological maturity, crabs are dissected and the presence, shape and 125 colour of the gonads determine the maturity stage to which they are assigned. For C. pagurus, 126 there is currently no comprehensive or standardised protocol for visually interpreting male 127 and female gonads; nor is there a standardised number of reproductive development phases to 128 which crabs can be assigned. Given that estimates of size at maturity for a population may 129 vary with geographic and demographic population parameters and also methodology (see 130 references in Table 1 ; Watters and Hobday, 1998) it is essential that a consensus is reached 131 regarding protocols for the determination of maturity in order to support the needs of 132 operational fishery management and stock assessment.
134
Here we undertook a broad-scale, cross-institutional collaboration to collect data on the size 135 at maturity for C. pagurus. We provide a comparison of size at maturity between regions 136 using identical methodology and temporal sampling protocols, targeting the time of the year 137 when the highest percentage of crabs are expected to have fully developed gonads (Brown 138 and Bennett, 1980; Ungfors, 2007) . The aim of the study was to provide the required 139 information to better estimate spawning biomass, guide stock assessments and support the 140 development of technical measures aimed at protecting spawning potential.
142
Methods
143
In the late autumn and winter of 2014/2015, researchers worked in collaboration with the 144 fishing industry in English, Irish, Manx, Norwegian, Scottish and Welsh waters to collect C. 145 pagurus of a pre-determined size range (70 to 220 mm carapace width) for each sex ( Figure   146 1), although crabs outside of this size range were also retained. Crab catches relied on 147 industry collaboration and therefore all samples were caught using standard static gear (a mix 148 of soft and hard eyed crab pots, typically with a 45 mm mesh). Samples were collected and 149 stored in freezers, which varied from upright domestic freezers to industrial "walk-in" deep 150 freezers. Derogations for the retention of sublegal crabs were obtained from the relevant 151 national authorities.
Laboratory methods
154
After defrosting, each crab was photographed and inspected for body condition and the 155 presence of sperm plugs, parasites and black spot disease. Crabs were assigned a condition 156 index based on the number of limbs lost (and in a state of regrowth, Table 2 ). The index 157 ignored legs that were lost due to rough handling or transport related to the fishing occasion 158 on which they were caught for this study, this was evident from the colour of the wound; pink 159 or white flesh, with no evidence of a protective skin layer forming (which is dark, sometimes 160 black). Crabs were recorded as having the bacterial infection "black spot disease" based on 161 the presence of one or more dark lesions penetrating through the carapace. Surface marks that
162
were not obviously lesions were not recorded as black spot. Moult stage was assigned based 163 on softness of the carapace, levels of biofouling and state of wear of the claws (Table 3) Ungfors (2007) . When the right chela was missing, the left one was measured as 168 the chelae are not dimorphic (Ungfors, 2007) . However, some error for claw measurements 169 must be taken into account, as claws are often lost and regrown and so claws that were 170 obviously small and re-growing were not measured. A "claw" morphometric measurement
171
was obtained by adding all three chela measurements together. The justification for adding 172 the three measurements together is that each are useful allometric indicators for C. pagurus 173 (Tallack, 2007; Ungfors, 2007) , though for ease of analysis we reduced the multivariate data 174 to a single morphometric estimate for each individual; this approach has been used in other 175 crab morphometric research (Conan and Comeau, 1986) .
176
Crabs were dissected by using kitchen shears to cut around the outside margin of the dorsal 177 carapace, then the central body mass was carefully removed to reveal the hepatopancreas and 178 beneath that, the gonads. For the hepatosomatic index (HSI), an indicator of lipid stores, the 179 hepatopancreas was carefully removed and weighed to the nearest gram; hepatosomatic index 180 was then calculated as the percentage of whole wet weight: 
Statistical methods
194
All statistical analyses were run in the statistical package R (R Core Team 2014).
195
Physiological maturity data were converted to binary form (immature = 0 and mature = 1).
196
Population estimates for size at maturity were estimated using a logistic regression model used a backwards process from the full model, to more parsimonious models, using Akaike's
231
Information Criterion (AIC), where models with an AIC more than two points lower were 232 accepted. Where AIC values were less than two points lower the simpler model was accepted.
233
A gamma distribution with a log link was chosen for the continuous skewed response data.
235
For all models standard testing for compliance with model assumptions and conditions were 236 undertaken using diagnostic procedures in R (R Core Team, 2014). Final models were 237 checked for heterogeneity of variance using scatterplots of standardised residuals against 238 fitted values and all covariates. Normality was checked using Q-Q plots and outliers were 239 identified using leverage and Cook's distance plots.
RESULTS
242
Cancer pagurus samples were collected from all locations between November 2014 and
243
March 2015. A total 1 806 crabs were visually assessed for physiological maturity and/or 244 measured for morphometric features (Table 5 ). The sampled crabs ranged in size from 30 to CW. Too few data were available to detect an inflection from the English samples and a 260 straight line better described the available data ( Figure 5 ).
262
Physiological maturity
263
The smallest observed physiologically mature male was 63 mm CW and the smallest mature 264 female was 68 mm CW, both were caught in Welsh waters (Table 5) . Of the 1 806 sampled 265 crabs, maturity was successfully assigned for 1 786 crabs and 78% of those were found to be 266 mature. A total of 25% of females and 50% of males smaller than 100 mm CW were found to 267 be mature ( Figure 6 ).
Males were found to mature at a smaller size than females for all populations (Figure 7 ). presence, not severity of the disease so it is not possible to quantify the effect of black spot on 449 the population. We found no evidence to suggest that the rhizocephalan parasite Sacculina sp.
450
has an impact on the condition or reproductive output of the crabs. However, only ten out of 451 the 1 806 crabs sampled in this study were infected by this parasite and all ten crabs were 452 below 100 mm CW. These results concur with those of other studies, which indicate that Sacculina sp. is only found in pre-recruits (Bateman et al., 2011) was found to be mature; LCI, UCI, lower and upper bootstrap 95% confidence intervals (runs = 10 000). Table 4 . 
